The MIT Joint Program on the Science and Policy of Global Change is an organization for research, independentÊpolicy analysis, and public education in global environmental change. It seeks to provide leadership inÊunderstanding scientific, economic, and ecological aspects of this difficult issue, and combining them into policy assessments that serve the needs of ongoing national and international discussions. To this end, the Program brings together an interdisciplinary group from two established research centers at MIT: the Center for Global Change Science (CGCS) and the Center for Energy and Environmental Policy Research (CEEPR). These two centers bridgeÊmany key areas ofÊthe needed intellectual work, and additional essential areas are covered by other MIT departments, by collaboration with the Ecosystems Center of the Marine Biology Laboratory (MBL) at Woods Hole, and by short-and long-term visitors to the Program. The Program involves sponsorship and active participation by industry, government, and non-profit organizations.
Introduction
The Kyoto Protocol includes carbon dioxide (CO 2 ) emissions from fossil fuels, methane (CH 4 ), nitrous oxide (N 2 O), perfluorocarbons (PFCs), hydrofluorocarbons (HFCs), and sulfur hexafluoride (SF 6 ) (FCCC, 1998) . The Protocol also allows credit for carbon sinks resulting from direct, human-induced afforestation and reforestation measures occurring after 1990. Integrated economic studies have only begun to include evaluation of the costs of multi-gas control strategies (Hourcade, 1996; Wigley, Richels, and Edmonds, 1996; Nordhaus, 1994) . Most still include only CO 2 emissions from fossil fuels (e.g., Weyant and Hill, 1999) . In previous work with the MIT Integrated Global Systems Model we have evaluated the economic, atmospheric, climate, and ecosystem implications of a multigas agreement including all of the ÒKyotoÓ gases listed above and forest sinks (Reilly et al., 1999a,b) . In this paper we investigate the economic implications of including other greenhouse gases and sinks in the climate change control policy, updating our previous analysis in several ways. The most important change is that we have revised and updated our Emissions Prediction and Policy Analysis (EPPA) model. We also have revised our methane abatement curves based on revised estimates of methane abatement costs, and present estimates of abatement cost curves for methane based on different interpretations ofÊestimates that substantial abatement of methane can be obtained at no cost. Our previous workÊwas reported in 1985 $US owing to the fact that our previous version of EPPA was based on a 1985 data. Our new model is based on a 1995 data and we therefore report estimates in 1995Ê$US. For comparison purposes one therefore must multiply all prices and costs in the previous work by 1.43. We do not address here some of the implications for climate and ecosystems and what these imply about the usefulness of Global Warming Potentials (GWPs) forÊcomparing gases. For this analysis, see in particular Reilly et al. (1999b) .
Multigas Assessment Using the EPPA Model
The EPPA model is a recursive dynamic multi-regional general equilibrium model of the world economy. The current version of EPPA is built on a comprehensive energy-economy data set that accommodates a consistent representation of energy markets in physical units as well as detailed accounts of regional production and bilateral trade flows. The base year for the model isÊ1995 and the model is solved recursively through time at 5-year intervals. There are eight commodity groupings and 12 regions in the basic version of EPPA used here although the underlying GTAP data provides us with the flexibility to disaggregate regions and sectors in greater detail. Description of the specific regions and commodities included in the model is provided on Table 1 . Nested CES functions are used to describe technologies and preferences. For more details see Babiker et al. (2000) .
Emissions of CO 2 , CH 4 , N 2 O, PFCs, HFCs, and SF 6 are associated with various activities thatÊare projected in the model ( Table 2) . SO x , NO x , and CO are also projected for purposes of linking with an atmosphere/climate model. The non-CO 2 gas component of the revised version ofÊEPPA is still being tested and reformulated. For analysis purposes here, we use the emissions projections and feed-back relationships for these gases as in Reilly et al. (1999a,b) .
Costs of reductions in emissions of CO 2 from fossil fuels are computed by introducing a constraint in EPPA (e.g., the emissions limitation agreed to in the Kyoto Protocol) on emissions. The production and consumption relationships within the model result in fuel switching and reduction in energy use so that the emissions constraint is met. The same approach could be applied for other gases in the model but, given the fixed coefficient nature of the relationship between emissions and activity levels, the implication would be that emissions reductions could only occur through reductions in the activity levels that emitted these gases. In fact, there are a variety of technological solutions for reducing these gases that are less costly than doing away with the activity. We have summarized these abatement opportunities as marginal abatement curves (MACs), constructed by ordering the abatement options from lowest cost to highest cost. We have also generated marginal abatement curves for reductions in emissions of CO 2 from fossil fuels based by running the EPPA model with successively tighter emissions restrictions (e.g., 10, 20, É, 60 percent reductions from reference in 2010). Greater detail on our abatement opportunities for other greenhouse gases (GHGs) and sinks is contained in Reilly et al. (1999a,b) . Figure 1 presents our revised marginal abatement curves for methane. AÊdifference from our previous work is that we exactly fit the data points using a piecewise linear estimation process and, for this paper, have done the same for the CO 2 marginal abatement curves. For methane, we fit the abatement curve to the share of emissions reduction from the 2010 reference based on data from a study by Gibbs (1998) for the United States and assume theÊsame abatement cost schedule applies to other Annex B regions. TheÊGibbs (1998) estimate indicates that over 20% of US methane emissions can be eliminated at zero cost or less, represented in MAC 2. We also consider an alternative cost relationship (MAC 1) that assumes zero cost abatement opportunities are already reflected in theÊreference scenario. WeÊuse these abatement curves to estimate a market-clearing price for abatement across gases and sinks using the 100-year GWPs specified in the Kyoto Protocol (seeÊReilly et al., 1999a,b) . One aspect of this approach is that, as a result of the carbon constraint imposed on theÊEPPA model, activities such as coal, oil, and gas production and fuel use are reduced and consequently other GHG emissions associated with these activities (CH 4 ,ÊN 2 O) are also reduced. We refer to these asÊÒfreeÊreductionsÓ because, as we have modeledÊthem, they occur without anyÊadditional abatement cost beyond that associated with reducing carbon emissions. Costly abatement (asÊreflected in our abatement curves) applies to the remaining emissions.
Policy Cases
Our economic analysis is limited to provisions directed at Annex B countries. In our model these countries are represented in as the United States (USA), the 15 countries that are currently members of the European Union (EEC), Japan (JPN), the remainder of the OECD (OOE), the regions of the former Soviet Union (FSU) and Central and Eastern Europe (EET). We consider only cases without emissions trading among countries. In addition to a future reference case with no emissions controls, we develop four basic policy cases to test the economic importance of including non-CO 2 gases in the Kyoto Protocol.
Case 1: Fossil CO 2 Target and Control. Only CO 2 is included in determining allowable emissions, unlike the requirements in the Kyoto Protocol that require consideration of multiple gases, and only CO 2 emissions abatement options are considered.
Case 2: Multi-Gas Target with Control on CO 2 Emissions Only. A multi-gas target (using GWPs) as described in the Kyoto Protocol is used, but only carbon emissions from fossil fuels are controlled.
Case 3: Multi-Gas Target and Controls. The multi-gas Kyoto target applies and parties seek the least cost control across all gases and carbon sinks, using methane MAC 2.
Case 4: Same as Case 3, except using methane MAC 1.
We also create an alternative scenario for the EEC based an EEC-only assessment of other gases. In this scenario, labeled EEC 1, we use our marginal abatement costs curves but use the reference emissions projections and base emissions estimated by de Jager et al. (1999) .
2010 Reference Emissions and Abatement Costs of Meeting the Kyoto Protocol
Percentage changes in emissions for all gases are given in Table 3 . The economic results are presented in Table 4 and the gas-by-gas abatement contributions are given in Tables 5 and 6. The overall result is that inclusion of all of the gases in the Kyoto agreement has a significant effect on the shadow price of carbon and on total costs. The combination of including 1990 emissions of all GHGs in the base and increasing emissions of other GHGs through 2010 means that the required reduction is greater in Cases 2, 3, and 4 compared with Case 1. The error in costs estimates based only on CO 2 is substantial. The shadow price is between $55/ton and $171/ton lower for the US, EEC, JPN, and OOE under the multigas case than under the carbon only case (comparing Cases 1 and 3). Total costs across all Annex B regions are lower under the multigas Case 3 by over 30% compared with Case 1. The constraint is not binding for the FSU and only binds for the EET with a multigas target. Given that the Kyoto agreement includes other gases in the 1990 base but only allows the flexibility to reduce other gas emissions we ask: How much more would the agreement cost if this flexibility was not exercised? This answer is obtained by comparing Case 2 with Case 3 (orÊCase 4). If one must reach the Kyoto target only through reductions in CO 2 emissions (CaseÊ2) the costs for Annex B about twice as much than in Cases 3 or 4 where the flexibility ofÊincluding other gases is fully exercised. The reductions in costs between these cases are quite different for different regions. A multigas assessment of trading would therefore being considerably different than an CO 2 -only analysis of trading.
The difference in how to interpret zero cost abatement options (Case 3 and Case 4) has a measurable effect. We only evaluated methane abatement with respect to this uncertainty. IfÊsimilar issues exist for other gases, the effect would be larger. The difference between EEC and EEC 1 also reflect differences in projecting the reference level of emissions. The very optimistic view in EEC1, that combined reference emissions will increase very slowly, results in much lower costs than for the reference case we project. Projected gas-by-gas abatement levels (Tables 5 and 6 ) show substantial Òfree reductionsÓ of CH 4 and also sizable Òfree reductionsÓ for N 2 O. Apart from these Òfree reductions,Ó CH 4 , N 2 O, sinks, and the combination of the other three GHGs are of roughly equal magnitude for most regions. While any one of the other gases or sinks may be small by itself, in combination they contribute across the regions between 18 and 60% of the abatement needed to meet the Kyoto target. Sinks make no contribution in EET or EEC 1 because the carbon price is less than our estimated minimum cost of establishing a forest. The overall conclusion is that failure to take advantage of the flexibility accorded by the inclusion of other gases would raise the cost of meeting the objectives of any climate policy.
